Introduction {#S0001}
============

As one of the most challenging and complex diseases, cancer seriously threatens human health. Finding the best way to conquer cancer with little side-effects has always been the research hotspot in the field of cancer therapy. The current anticancer therapies employed in the clinic, such as surgery, radiotherapy, and chemotherapy, still arouse a series of problems during the treatment, such as the postoperative metastasis, poor tolerance to radiotherapy, and the multidrug-resistance or toxicity generated during chemotherapy,[@CIT0001]--[@CIT0004] which are mostly related with the complexity of tumor pathogenesis.[@CIT0005] Therefore, it is necessary to develop novel treatment mechanisms according to the special microenvironment of tumor cells.

Reactive oxygen species (ROS) play important roles in the growth, proliferation and signaling processes of cells, such as hydrogen peroxide (H~2~O~2~), superoxide (·O), and hydroxyl radicals (·OH).[@CIT0006] ROS usually maintain a harmless low intracellular level due to the timely elimination by antioxidants, such as glutathione, superoxide dismutase, and peroxidase.[@CIT0007]--[@CIT0009] However, the metabolism of ROS presents a completely different situation in tumor cells, which manifests as the much higher level due to the overproduction of ROS, resulting in the mutual antagonism between ROS and antioxidant system, thus leading to the oxidative stress. Moreover, the oxidative stress would be aggravated by the continuous generated ROS stimulated by exogenous and endogenous factors, which will induce apoptosis and necrosis once the ROS levels exceed the tolerance of tumor cells. However, due to the relatively lower ROS basic level, such situation usually does not appear in normal cells.[@CIT0010]--[@CIT0012] Therefore, regulating intracellular ROS signal to selectively kill tumor cells without affecting normal cells can be an effective strategy for tumor therapy.[@CIT0013] Many exogenous ROS inducers or antioxidant system antagonists have been used to achieve this goal by rising ROS levels beyond the tolerance of tumor cells or weaken their antioxidant defense.[@CIT0014]--[@CIT0018]

Cinnamaldehyde (CA) is the major component of cinnamon, which exerts anticancer activity through elevating ROS levels mainly in the mitochondria and inducing apoptosis.[@CIT0019] Cabello et al, found that low-micromolar concentrations (IC~50~\<10 μM) of CA suppressed the proliferation of human metastatic melanoma A375 cell lines with elevated intracellular ROS.[@CIT0020] Noh et al, reported a dual stimuli-responsive hybrid anticancer drug, QCA, which could be activated by H~2~O~2~ and acidic pH to release glutathione-scavenging quinone methide and ROS-generating CA, respectively, thus amplifying oxidative stress and leading to the killing of cancer cells.[@CIT0021] However, the poor bioavailability of CA (short half-life in blood) caused by the rapid oxidation of the aldehyde group and lower drug efficacy than common chemotherapeutic drugs limits its clinical application.[@CIT0022],[@CIT0023]

To overcome these drawbacks, we developed a dual pH/reducing-responsive nanogels system, poly (N-isopropylacrylamide-co-Cinnamaldehyde-co-D-α-tocopheryl polyethylene glycol 1000 succinate, P~ss~NCT), to encapsulate CA, which was assembled by the itaconic acid (IA) linked with CA through hydrazone bond, N-isopropylacrylamide (NIPAm) and D-α-tocopheryl polyethylene glycol 1000 succinate (TPGS) under the crosslink by N, N'-bis (acryloyl) cystamine (BAC). TPGS was employed as the other ROS inducer in this system, which was a derivative of vitamin E and composed of polyethylene glycol and α-tocopheryl succinate (α-TOS).[@CIT0024] α-TOS is the major function group of TPGS, which increases the intracellular ROS level through interfering with the function of the mitochondrial electron transport chain, thereby inducing apoptosis.[@CIT0025],[@CIT0026] Youk et al, found that TPGS generated more ROS to induce apoptosis, and effectively inhibited the growth of human lung carcinoma cells implanted in nude mice compared with TOS.[@CIT0027] Su et al, reported a unique ROS triggered nanosystem, TBH, based on TPGS and hyaluronic acid, which could achieve active targeting and ROS regeneration in MCF-7/ADR cells and tumor tissues xenografted with MCF-7/ADR cells, thereby inhibiting the function of P-gp protein and reverse tumor's multidrug-resistance.[@CIT0028]

Therefore, the P~ss~NCT nanogels can be rapidly degraded to release CA and TPGS through the acid-responsive cleavage of hydrazone bonds and reducing-responsive cleavage of disulfide bonds in the structure of BAC, thereby preventing the oxidation of CA before endocytosis.[@CIT0029],[@CIT0030] Furthermore, CA and TPGS could cooperate with each other to induce apoptosis through intracellular ROS level elevating and ultimately kill tumor cells ([Scheme 1](#SCH0001)), which effectively improve the selectivity toward tumor cells and the therapeutic effects of the dual pH/reducing-sensitive P~ss~NCT nanogels.Scheme 1Illustration of the preparation, dual pH/reducing-responsive intracellular degradation, ROS signal amplification, and induced apoptosis of P~ss~NCT nanogels.

Materials and methods {#S0002}
=====================

Materials {#S0002-S2001}
---------

CA, TPGS, IA , and 3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT) were purchased from Sigma-Aldrich Co. (St Louis, MO, USA). NIPAm, acryloyl chloride (AC), N, N*'*-BAC, potassium persulfate (KPS), hydroquinone, hydrazine hydrate (N~2~H~4~·H~2~O), triethylamine (TEA), sodium dodecyl sulfate (SDS), and dithiothreitol (DTT) were purchased from Aladdin Chemistry (Shanghai, People's Republic of China). Hoechst 33342, ROS assay kit (DCFH-DA), mitochondrial membrane potential assay kit, ATP assay kit, and Annexin V-FITC apoptosis detection kit were purchased from Beyotime Biotechnology Co. Ltd (Nantong, People's Republic of China).

The MCF-7 human breast cancer cell line and L929 mouse fibroblast cell line were purchased from the Cell Bank, Shanghai Institutes for Biological Sciences, Chinese Academy of Sciences (Shanghai, People's Republic of China). Cells were cultured in the RPMI 1640 medium, supplemented with 10% fetal bovine serum (FBS), 100 IU/mL penicillin and 100 mg/mL streptomycin sulfate, incubated at 37ºC with 5%CO~2~ (fully humidified conditions). All experiments were performed when cells were in the logarithmic phase of growth.

Synthesis of P~ss~NCT nanogels {#S0002-S2002}
------------------------------

### Synthesis of polymers {#S0002-S2002-S3001}

Acryloyl chloride modified D-α-tocopheryl polyethylene glycol 1000 succinate (TPGS-AC) was obtained from the reaction of TPGS (0.38 g, 0.25 mmol) and AC (103 μL，1.25 mmol) with TEA (140 μL, 1.00 mmol) as the catalyst in dichloromethane with ice bath for 10 hrs. The product was purified by precipitation in cold diethylether, filtration, and drying in vacuum at 30ºC. The synthesis of double cinnamaldehyde itaconic acylhydrazone (IA~2hyd~CA) was divided into three steps: synthesis of dimethyl itaconate (IA~2OMe~), dihydrazide itaconate (IA~2hyd~), and IA~2hyd~CA. Specifically, IA (7.80 g, 0.06 mol) was dissolved in the methanol (15 mL, 0.36 mol) with the addition of polymerization inhibitors, hydroquinone (0.08 g, 0.72 mmol), and concentrated sulfuric acid (42 μL, 0.80 mmol). The mixture was refluxed at 125ºC for 10 hrs. The IA~2OMe~ was obtained by collecting the oil layer after washed by saturated Na~2~CO~3~/NaHCO~3~ solution. IA~2OMe~ (2.37 g, 0.015 mol) and N~2~H~4~·H~2~O (2.02 g, about 0.04 mol) were dissolved in absolute ethanol and refluxed at 125ºC for 3 hrs, then quickly recrystallized and filtered in ice bath. The IA~2hyd~ was obtained through repeated washing (by ethanol), recrystallizing and filtering. IA~2hyd~ (2.28 g, 0.012 mol) and CA (3.17 g, about 0.024 mol) were dissolved in absolute ethanol and refluxed at 80ºC for 2 hrs, then quickly recrystallized in ice bath and got the crude product through vacuum filtering. The IA~2hyd~CA was obtained through washing (by ethanol), recrystallizing and filtering.

### Synthesis of P~ss~NCT nanogels {#S0002-S2002-S3002}

P~ss~NCT nanogels were prepared by the free radical precipitation polymerization.[@CIT0031] Specifically, IA~2hyd~CA (0.053 g, 0.013 mmol), NIPAm (0.57 g, 5.00 mmol), and TPGS-AC (0.019 g, 0.013 mmol) were dissolved in the dimethyl sulfoxide (DMSO) solution, followed by the addition of SDS (0.036 g, 0.20 mmol) and BAC (0.30 g, 2.00 mmol). The solution was purged with nitrogen for 0.5 hrs to remove oxygen, then heated up to 70ºC with stirring. KPS (0.027 g, 0.50 mmol) was added as the initiator for polymerization, and the reaction was under N~2~ atmosphere at 70ºC for 5 hrs. The obtained P~ss~NCT nanogels dispersion was dialyzed (molecular weight cutoff: 8000--14,000 Da) against water for 7 days to remove unreacted monomers and other small molecules. The water was refreshed twice every day during this period. Dialyzed P~ss~NCT nanogels were lyophilized and stored in a vacuum desiccator at room temperature.

### Characterization of polymers and nanogels {#S0002-S2002-S3003}

Polymers were characterized by the ^1^H nuclear magnetic resonance spectra (600 MHz, Bruker, Karlsruhe, Germany), which employed DMSO-d~6~ as the solvent and tetramethylsilane as the internal standard to measure the chemical shifts (δ) in ppm downfield. Nanogels were characterized by the Malvern Zetasizer Naso ZS (Malvern, UK) and observed by a transmission electron microscopy (TEM, Hitachi H 600, Tokyo, Japan). The loading capacity of CA and TPGS in nanogels was detected as follows: weighted lyophilized nanogels were immersed in pH5.0 phosphate buffer saline (PBS, containing 10 mM DTT) with stirring for 24 hrs. Then, the release media were collected to detect the concentration of CA by reverse phase high-performance liquid chromatography (RP-HPLC), which used a C18 BDS column (5 μm, 250×4.6 mm, Thermo Fisher Scientific, Massachusetts, USA). The composition of mobile phase is acetonitrile and water (40:60, v/v, flow rate 1.0 mL/min). The linearity of CA concentration was assessed by a calibration that was obtained by plotting the peak area of each analyte versus CA concentrations (5×10^−2^--10 μg/mL). Samples were monitored at 290 nm and quantified by comparing the peak areas with the standard curve. The concentration of TPGS was detected by a UV spectrophotometer through the chromogenic reaction of PEG part of TPGS with iodine.[@CIT0032],[@CIT0033] The linearity of TPGS concentration was assessed by a calibration that was obtained by plotting the UV absorbance (the wavelength was 500 nm) of each analyte vs TPGS concentrations (2--40 μg/mL). The loading content (LC%) and encapsulation efficiency (EE%) of CA and TPGS were calculated as follows: $$\documentclass[12pt]{minimal}
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W~t~ was the weights of CA or TPGS in nanogels. W~s~ was the weights of nanogels after lyophilization. W~0~ was the weights of the feeding CA or TPGS.

Plasma stability, dual pH/reducing-responsive degradation, and in vitro release of P~ss~NCT nanogels {#S0002-S2003}
----------------------------------------------------------------------------------------------------

The plasma stability and dual pH/reducing-responsive degradation of P~ss~NCT nanogels were detected by the dynamic light scattering (DLS). Briefly, 5 mL P~ss~NCT nanogels solutions were immersed in 50 mL deionized water containing fFBS (50%, v/v), pH7.4 PBS with 10 mM DTT, pH5.0 PBS with or without 10 mM DTT, respectively, and incubated for 0, 0.5, 2, 4, 8, 12, and 24 hrs. At predetermined time intervals, solution (1 mL) was withdrawn and monitored with DLS (Malvern Zetasizer Naso ZS, Malvern, UK) to determine the particle size changes of nanogels in different media. The release of CA and TPGS from P~ss~NCT nanogels was investigated at 37ºC in different media, ie pH7.4 PBS with or without 10 mM DTT and pH5.0 PBS with or without 10 mM DTT. The molecular weight cutoff of dialysis tubes for CA or TPGS release experiments was 1000 and 3500, respectively. At predetermined time intervals, release media (1 mL) were taken out and replenished with an equal volume of fresh media. The detection methods of CA and TPGS were the same as those in section 2.2.3. All samples in release experiments were tested in triplicate and the results at each time point were the relative value, which was the ratio of the tested value to the initial value.

Cytotoxicity study {#S0002-S2004}
------------------

L929 and MCF-7 cells were used to evaluate the cytotoxicity of free CA, P~ss~(NIPAm-TPGS) nanogels (P~ss~NT, without CA) and P~ss~NCT nanogels through MTT assay. Cells were first seeded and incubated in 96-well plates (5×10^3^ cells per well) for 24 hrs. Then, the culture medium was replaced by various amounts of free CA, P~ss~NT or P~ss~NCT nanogels growth medium solution and continue the incubation for another 24 hrs. Wells replaced with MTT solution after rinsed with ice-cold PBS at the predetermined time. Plates were further incubated for 4 hrs at 37ºC to allow viable cells to reduce the MTT (yellow) into formazan crystals (purple), which were then dissolved in 150 μL of DMSO. After 10 mins of incubation, the absorbance at the wavelength of 570 nm was measured by a multifunctional microplate reader (Bio-Rad), and the cell viability was determined by the comparison of absorbance between tested cells and untreated cells.

Intracellular ROS detection {#S0002-S2005}
---------------------------

ROS in different cells were detected by the DCFH-DA Reactive Oxygen Species Assay Kit. Specifically, L929 and MCF-7 cells were seeded and incubated in 96-well plates (1×10^5^ cells per well) for 24 hrs. Then, the ROS detection process was divided into two parts: the detection of concentration-dependent ROS generation and the detection of time-dependent ROS generation. In the concentration-dependent ROS generation detection, the medium was replaced with free CA, P~ss~NT or P~ss~NCT nanogels growth medium solution (25, 50, 75, and 100 μg/mL calculated by CA) and incubated for 8 hrs at 37ºC. In the time-dependent ROS generation detection, the medium was replaced with 1 mL of CA, P~ss~NT or P~ss~NCT nanogels growth medium solution (100 μg/mL calculated by CA) and incubated for 0.5, 1, 2, 4, and 8 hrs at 37ºC. The supernatant was removed and wells were washed three times with ice-cold PBS after incubation. Then, cells were treated with DCFH-DA (30 mins), washed, harvested, and resuspended in ice-cold PBS. The fluorescence was detected by a flow cytometry (FACSCalibur, BD, New Jersey, USA).

Effects of ROS on mitochondrial function in tumor cells {#S0002-S2006}
-------------------------------------------------------

In order to further investigate the correlation between ROS increase and mitochondrial membrane potential (MP) changes in tumor cells, the qualitative detection of ROS and the measurement of mitochondrial (MP) were performed simultaneously in MCF-7 cells. Briefly, the same batch of cultured cells were seeded in 24-well plates with or without glass coverslips at the same time and incubated for 24 hrs, respectively. For the ROS qualitative detection, the supernatant was replaced with free CA, P~ss~NT, or P~ss~NCT nanogels growth medium solution (100 μg/mL calculated by CA) for the further incubation (8 hrs). At the predetermined time, coverslips with cells were taken off, washed with ice-cold PBS and treated with 4% paraformaldehyde (1 mL, 15 mins). Then, cells were washed and counterstained by Hoechst 33342 (5 mins). The final samples were analyzed by an inverted fluorescence microscope (Leica DMIL, Frankfurt, Germany). For the mitochondrial MP detection, cells were also treated with free CA, P~ss~NT, or P~ss~NCT nanogels growth medium solution (100 μg/mL calculated by CA) for 8 hrs. At the predetermined time, cells were washed with ice-cold PBS and suspended in diluted JC-1 staining solution (500 μL) for 20 mins. After rinsed with physiological saline, cells were suspended in JC-1 staining buffer (500 μL) to measure the fluorescence intensity immediately by a flow cytometry (FACSCalibur, BD, New Jersey, USA). The obtained values were expressed as the average signal intensity ratio of the FL1 channel (green fluorescence) to the FL2 channel (red fluorescence).

Moreover, due to the ATP synthesis was directly affected by the change of mitochondrial function, we also detected the effect of different preparations on the ATP content in MCF-7 cells. The selected cells were the same batch as those used for the ROS qualitative detection and mitochondrial MP detection. The confluent cells were treated with free CA, P~ss~NT, or P~ss~NCT nanogels growth medium solution (100 μg/mL calculated by CA) for 2 hrs. Then, cells were washed twice with ice-cold PBS and solubilized in cell lysates, followed by immediate centrifugation (12,000 g) at 4ºC for 10 mins. The supernatant was collected for ATP quantification by the luciferin/luciferase assay. The light emission of each sample was measured with an Ultra-Weak luminescence analyzer (Model BPCL, Guangzhou, China). Raw data were converted to ATP concentration according to the standard calibration curve. ATP contents were normalized by the protein content in each sample, using a BCA kit. The blank medium was used as control.

Apoptosis assay {#S0002-S2007}
---------------

The apoptosis of MCF-7 cells induced by CA or nanogels was detected by the annexin V-FITC/PI apoptosis detection kit. Cells were seeded and incubated in six-well plates (5×10^5^ per well) for 24 hrs. Then, the confluent cells were treated with free CA, P~ss~NT, or P~ss~NCT nanogels growth medium solution (100 μg/mL calculated by CA) at 37ºC for another 24 hrs incubation. At the predetermined time, the supernatant was replaced with fresh medium to wash cells, followed by collecting cells (the density was 1×10^5^) in 1×binding buffer solution. Each 10 μL of Annexin V-FITC and propidium iodide (PI) was added to the cell suspension, followed by the incubation (15 mins) and the treatment with × binding buffer solution (400 μL). A flow cytometer (FACSCalibur, BD, New Jersey, USA) was employed to analyze the stained cells (1×10^4^ cells per sample).

Western-blot assay {#S0002-S2008}
------------------

MCF-7 cells were seeded and incubated in the six-well plates (1.5×10^6^ per well) at 37ºC for 24 hrs, Following the incubation for 8 hrs with free CA, P~ss~NT, or P~ss~NCT nanogels growth medium solution (100 μg/mL calculated by CA). Then, cells were washed with ice-cold PBS and lysed in RIPA buffer to measure the protein concentration using the BCA method (Beyotime, Nantong, People's Republic of China). Proteins were separated by electrophoresis and transferred onto a PVDF membrane (Millipore, Billerica, US). An equal amount of cell lysate on a 10% polyacrylamide gel was used to perform electrophoresis and proteins were transferred to PVDF membranes. The primary antibodies were Bcl-2, Bax, and Caspase-3 (Santa Cruz Biotechnology, Dallas, US). The secondary antibody was HRP-conjugated goat anti-mouse IgG (Servicebio, Wuhan, China) and the β-actin was set as the loading control for normalization. The immunoblot signals were developed by the Super Signal Ultra chemiluminescent reagent (Pierce, Rockford, US).

Statistical analysis {#S0002-S2009}
--------------------

Results were presented as Mean±SD. SPSS Statistical Software (v.22; IBM, Chicago, IL, USA) was used to analyze all data. One-way ANOVA and LSD test were used to compare among groups. *P*\<0.05 was considered as the statistical significance.

Results {#S0003}
=======

Characterization of polymers and P~ss~NCT nanogels {#S0003-S2001}
--------------------------------------------------

In this study, we first modified the terminal hydroxyl group of TPGS with a carbon--carbon double bond through the reaction with acryl chloride, then connected CA to the terminal carboxyl groups of IA by hydrazone bonds to obtain IA~2hyd~CA ([Figure 1A](#F0001){ref-type="fig"} and [B](#F0001){ref-type="fig"}). As shown in [Figure 2A](#F0002){ref-type="fig"}, peaks appeared at 5.84--5.89 and 6.11--6.20 were belonged to the terminal carbon--carbon double bond (--CH=CH~2~) of TPGS-AC. The characteristic peaks representing the methyl groups in the IA~2OMe~ structure appear at 2.50--2.52 ([Figure 2B](#F0002){ref-type="fig"}). However, these peaks disappeared in IA~2hyd~ due to the substitution of hydrazine hydrate for methyl groups ([Figure 2C](#F0002){ref-type="fig"}). Moreover, peaks belonged to the carbon--carbon double bond and benzene ring appeared at 6.95--7.89, indicating that CA had been connected in the structure of IA~2hyd~CA through the hydrazone bond ([Figure 2D](#F0002){ref-type="fig"}).Figure 1Synthesis of TPGS-AC (**A**) and IA~2hyd~CA (**B**).Figure 2Characterization of polymers. (**A**) ^1^H-NMR spectrum of TPGS-CA recorded in DMSO-d~6~. (**B**) ^1^H-NMR spectrum of IA~2OMe~ recorded in DMSO-d~6~. (**C**) ^1^H-NMR spectrum of IA~2hyd~ recorded in DMSO-d~6~. (**D**) ^1^H-NMR spectrum of IA~2hyd~CA recorded in DMSO-d~6.~

The P~ss~NCT nanogels were developed by the free radical precipitation polymerization of NIPAm, IA~2hyd~CA, and TPGS-AC as monomers in the presence of reducing-sensitive BAC as the crosslinking agent ([Figure 3A](#F0003){ref-type="fig"}). The ROS inducer, CA, was conjugated into the network of nanogels through the pH-sensitive hydrazone bond. These chemical bonding allowed nanogels to load more CA and TPGS (the CL%/EE% of CA and TPGS were 7.2%/86.3% and 2.4%/82.5%, respectively). As shown in [Figure 3B](#F0003){ref-type="fig"}, the sizes of P~ss~NCT nanogels were about 200 nm with relatively low polydispersity indexes (PDI=0.155±0.016). The zeta potential for all nanogels was negatively charged on the surface, which ensured the stability of nanogels in the blood circulation and enhanced the cellular uptake via endocytosis.[@CIT0034]--[@CIT0036] The TEM observations results were shown in [Figure 3C](#F0003){ref-type="fig"}, which indicated that the P~ss~NCT nanogels were a round-like hollow structure, which was similar to the vesicle, and the sizes were correlated well with the results of laser diffraction particle sizes. This structure could protect CA from the renal clearance by increasing its circulatory half-life after intravenous injection, thus facilitating CA delivery through the leaky vasculature in solid tumors by the enhanced permeability and retention (EPR) effect.[@CIT0037]Figure 3Synthesis and characterization of P~ss~NCT nanogels. (**A**) Schematic synthesis of P~ss~NCT nanogels. (**B**) Size distribution and Zeta potential of P~ss~NCT nanogels determined by DLS. (**C**) TEM micrograph of P~ss~NCT nanogels.

Plasma stability, dual pH/reducing-responsive degradation, and in vitro release of P~ss~NCT nanogels {#S0003-S2002}
----------------------------------------------------------------------------------------------------

[Figure 4A](#F0004){ref-type="fig"} and [B](#F0004){ref-type="fig"} shows the results of plasma stability and dual pH/reducing-responsive degradation tests. The particle sizes of nanogels first decreased slightly, then gradually increased in FBS, manifesting as a slight fluctuation, which was consistent with the variation of PDI. However, the changes of particle size and PDI of nanogel all varied greatly in different PBS solutions than in FBS. Among them, the decrease of particle sizes and the increase of PDI of nanogels were the most significant in pH5.0 PBS with DTT, then followed by the PBS only containing DTT, and the minimal changes were observed in pH7.4 PBS.Figure 4Plasma stability, dual pH/reducing-responsive degradation and in vitro release of P~ss~NCT nanogels. (**A**) The particle size changes of P~ss~NCT nanogels incubated with different media (mean±SD, n=3). \**P*\<0.05, \*\**P*\<0.01: significantly different from FBS. (**B**) The polydispersity index (PDI) changes of P~ss~NCT nanogels incubated with different media (mean±SD, n=3). \*\**P*\<0.01: significantly different from FBS. (**C**) In vitro release of CA from P~ss~NCT nanogels in different media (mean±SD, n=3). \*\**P*\<0.01: significantly different from pH 7.4 release media. (**D**) In vitro release of TPGS from P~ss~NCT nanogels in different media (mean±SD, n=3). \*\**P*\<0.01: significantly different from pH 7.4 release media.

These results demonstrated that there was a continuous adsorption--desorption process between the nanogels and the plasma protein in the FBS solution, which led to the frequent fluctuations in particle sizes and PDI in the initial stage of incubation, and the adsorption process reached the equilibrium as the incubation time increased, resulting in unchanged particle size and slight increase of PDI.[@CIT0038] However, compared with other incubation media, FBS exerted less influence on nanogels and kept the relative stability of their structure. Moreover, the nanogels could be only degraded through the cleavage of disulfide or hydrazone bond in DTT or in pH5.0 PBS, which led to relatively small changes in particle sizes and PDI. In the pH5.0 PBS with DTT, the degradation of nanogel was significantly accelerated due to the successive cleavage of hydrazone and disulfide bonds, leading to dramatic changes in the particle sizes and PDI. These results indicated that nanogels could be degraded responsively in acidic and reductive intracellular environment to release CA and TPGS rapidly in tumor cells, which was also demonstrated by the in vitro release experiments ([Figure 4C](#F0004){ref-type="fig"} and [D](#F0004){ref-type="fig"}). In the CA release experiment ([Figure 4C](#F0004){ref-type="fig"}), the nanogels achieved the maximum cumulative release of CA in the pH5.0 PBS with DTT (95.9%, 48 hrs), then followed the pH7.4 PBS with DTT (88.9%, 48 hrs) and pH5.0 PBS (81.2%, 48 hrs). The minimum cumulative release was obtained in pH7.4 PBS (35.3%, 48 hrs) due to the absence of any responsive degradation mechanism. Moreover, in the TPGS release experiment ([Figure 4D](#F0004){ref-type="fig"}), TPGS was quickly released in the release medium containing DTT (88.8% in the pH5.0 PBS with DTT and 82.7% in the pH7.4 PBS with DTT), which was induced by the rapid degradation of disulfide bonds in nanogels under reductive conditions. However, less TPGS was released in the non-reductive environments (44.1% in the pH5.0 PBS and 38.4% in the pH7.4 PBS) due to the absence of the reductive agent DTT.

Cytotoxicity {#S0003-S2003}
------------

The results of cytotoxicity induced by free CA, P~ss~NT, and P~ss~NCT nanogels in different cells are shown in [Figure 5](#F0005){ref-type="fig"}. The P~ss~NCT nanogels exhibited the most significant cytotoxicity on MCF-7 cells (IC~50~: 28.39±2.32 μg/mL), then followed the P~ss~NT nanogels (IC~50~: 63.88±4.85 μg/mL), and the free CA showed the least cytotoxicity on MCF-7 cells among them (IC~50~: 362.65±38.33 μg/mL). However, these preparations showed no obvious cytotoxicity to L929 cells, which manifested as the cell viabilities higher than 70% in 24 hrs when the concentration of CA in different preparations was 100 μg/mL, and the IC~50~ values of the three media were all great than 10,000 μg/mL.Figure 5In vitro cytotoxicity of free CA, P~ss~NT, or P~ss~NCT nanogels on L929 and MCF-7 cells in 24 hrs (mean±SD, n=3).

ROS generation assay in different cells {#S0003-S2004}
---------------------------------------

The results of ROS detection in different cells are shown in [Figure 6](#F0006){ref-type="fig"}. The non-fluorescent DCFH-DA could be hydrolyzed to DCF when reacted with ROS, manifesting as the generation of the green fluorescence signal. Therefore, the fluorescence intensity was proportional to the ROS amount generated intracellularly.[@CIT0039] In the test of the concentration-dependent ROS generation, the free CA, P~ss~NT, or P~ss~NCT all increased the ROS level at each concentration in both cells, and the increase was more obvious in MCF-7 cells, which were proportional to the incubation concentrations ([Figure 6A](#F0006){ref-type="fig"}). In the test of the time-dependent ROS generation, although the free CA, P~ss~NT, and P~ss~NCT nanogels all increased intracellular ROS levels in both cells after the incubation for 8 hrs, their effects on the ROS levels in MCF-7 cells were much higher than those in L929 cells ([Figure 6B](#F0006){ref-type="fig"}). Moreover, both tests all showed that tumor cells with higher ROS basal values are more susceptible to ROS inducers when compared to normal cells, and thus producing cytotoxicity. We also found that nanogels significantly increase the ROS levels in MCF-7 cells compared with free CA, and the ROS level increased by P~ss~NCT nanogels was higher than by P~ss~NT nanogels in each concentration or time point, which meant that although CA and P~ss~NCT nanogels had the same content of CA, difference between them in ROS generation might be due to the intracellular internalization amount of TPGS. Similarly, the intracellular internalization amount of CA might induce the difference between P~ss~NT and P~ss~NCT nanogels in ROS generation, indicating that CA and TPGS could act synergistically as ROS inducers to induce apoptosis by increasing ROS levels in tumor cells.Figure 6Changes of ROS levels in L929 and MCF-7 cells after incubating with free CA, P~ss~NT, or P~ss~NCT nanogels in different concentrations (**A**) or for different periods of time (**B**) (mean±SD, n=3). The concentrations of P~ss~NT and P~ss~NCT were fixed according to the concentration of CA. \**P*\<0.05, \*\**P*\<0.01: significantly different from the CA group.

Effects of ROS on mitochondrial function of tumor cells {#S0003-S2005}
-------------------------------------------------------

The results of qualitative analysis of ROS generation induced by free CA, P~ss~NT, and P~ss~NCT nanogels in MCF-7 cells are shown in [Figure 7A](#F0007){ref-type="fig"}, strong fluorescence was observed in cells incubated with P~ss~NCT nanogels solution, then followed the P~ss~NT nanogels, and CA only showed weak fluorescence after 8 hrs, which was consistent with the results of time-dependent ROS generation. Moreover, JC-1 was used to detect the mitochondrial MP changes, which is able to reversibly transform from the monomer form (green fluorescence) to the aggregate form (red fluorescence) when bounded with high MP, thus demonstrating the mitochondrial depolarization (non-functional mitochondria) through the increase of the green/red fluorescence intensity ratio.[@CIT0040] From [Figure 7B](#F0007){ref-type="fig"}, free CA, P~ss~NT, and P~ss~NCT nanogels all increased the green/red fluorescence intensity in MCF-7 cells, and the changing trend was consistent with the increase of ROS levels. Furthermore, the ATP content determination revealed that compared with the control group (cells treated with blank medium and the ATP level was normalized as 100%), P~ss~NCT and P~ss~NT nanogels significantly decreased the ATP level of MCF-7 cells ([Figure 7C](#F0007){ref-type="fig"}, 44.2% and 57.7% of the normal level, *P*\<0.01, respectively). However, the decrease of ATP level induced by free CA was less than two nanogels (71.2%). These results indicated that the increase of ROS level induced by CA, P~ss~NCT, and P~ss~NT nanogels directly reduced the mitochondrial MP by disrupting the function of mitochondrial electron transport chain, thus leading to the disorder of ATP synthesis and disruption of mitochondrial membrane permeability, ultimately inducing cytotoxicity. Moreover, due to the synergistic effect of CA and TPGS in ROS level increasing, P~ss~NCT nanogels showed the greatest influence on mitochondrial function.Figure 7Effect of intracellular ROS signal changes on mitochondrial function. (**A**) Observation of the intracellular ROS production in MCF-7 cells incubated with free CA, P~ss~NT, or P~ss~NCT nanogels for 8 hrs, using DCFH-DA as the detection probe. (blue for Hoechst, Green for DCF and scale bar=100 μm). (**B**) Changes in mitochondrial membrane potential after 8 hrs of incubation with free CA, P~ss~NT, or P~ss~NCT nanogels (mean±SD, n=3). The mitochondrial electron transport chain inhibitor carbonyl cyanide 3-chlorophenylhydrazone (CCCP) was set as the positive control. \*\**P*\<0.01: significantly different from the blank group, ^\#\#^*P*\<0.01:significantly different from the CCCP group. (**C**) Changes in the intracellular ATP level of MCF-7 cells after incubated with free CA, P~ss~NT, or P~ss~NCT nanogels (mean ± SD, n=3). \*\**P*\<0.01: significantly different from the blank group. In these experiments, the concentrations of P~ss~NT and P~ss~NCT were fixed at 100 μg/mL calculated by CA.

Apoptosis and western-blot assays in tumor cells {#S0003-S2006}
------------------------------------------------

The apoptosis-inducing effect of free CA, P~ss~NT, and P~ss~NCT nanogels on MCF-7 cells was evaluated by the Annexin V-FITC/PI detection, which used Annexin V-FITC to stain early apoptotic cells and labeled late apoptotic cells by PI. From [Figure 8A](#F0008){ref-type="fig"} and [B](#F0008){ref-type="fig"}, P~ss~NCT nanogels achieved the highest apoptotic ratio (71.08%, Sum of orange and blue parts of the P~ss~NCT column in [Figure 8B](#F0008){ref-type="fig"}), then followed the P~ss~NT nanogels (54.47%, Sum of orange and blue parts of the P~ss~NT column in [Figure 8B](#F0008){ref-type="fig"}). Free CA got the lowest apoptotic ratio in the three groups (34.14%, Sum of orange and blue parts of the CA column in [Figure 8B](#F0008){ref-type="fig"}). It was noteworthy that P~ss~NCT nanogels induced much more early apoptosis compared with P~ss~NT nanogels (60.12% vs 36.80%, orange parts of P~ss~NCT and P~ss~NT columns in [Figure 8B](#F0008){ref-type="fig"}), which should be caused by the mitochondrial apoptosis pathway.[@CIT0041] Moreover, P~ss~NCT nanogels containing CA and TPGS induced a more significant trend of apoptosis compared with CA or TPGS (P~ss~NT nanogels) alone. Therefore, the synergistic effect of CA and TPGS as ROS inducers significantly enhanced the proportion of apoptotic cells.Figure 8Effects of free CA, P~ss~NT, or P~ss~NCT nanogels on the apoptosis. (**A**) The apoptosis of MCF-7 cells induced by free CA, P~ss~NT, or P~ss~NCT nanogels for 24 hrs using the Annexin V-FITC/PI staining and analyzed by a flow cytometry. (**B**) The histogram of apoptosis of MCF-7 cells induced by free CA, P~ss~NT, or P~ss~NCT nanogels. (**C**) Changes in the expression of apoptosis-related proteins after incubated with free CA, P~ss~NT, or P~ss~NCT nanogels. (**D**) Changes in the Bax/Bcl-2 ratio after incubated with free CA, P~ss~NT, or P~ss~NCT nanogels (mean±SD, n=3). The concentrations of P~ss~NT and P~ss~NCT were fixed at 100 μg/mL calculated by CA. \*\**P*\<0.01: significantly different from the blank group.

The further investigation of apoptosis mechanisms induced by different preparations was depicted in [Figure 8C](#F0008){ref-type="fig"} and [D](#F0008){ref-type="fig"}, which was demonstrated by the expression levels of apoptosis-related proteins evaluated by the western-blot analysis. These results demonstrated that P~ss~NCT nanogels significantly increased the Bax expression, whereas decreased Bcl-2 and Caspase-3 expression, leading to an upregulation in the ratio of Bax/Bcl-2 compared with the same concentration of CA or P~ss~NT nanogels, which confirmed that P~ss~NCT nanogels exerted superior apoptosis-inducing potential because of the combined effects of CA and TPGS in inducing oxidative stress. These results were also in good agreement with the results of MTT, ROS detecting, and mitochondrial function assay.

Discussion {#S0004}
==========

Since tumor cells are usually under the assault of overproduced intracellular ROS, they have developed antioxidant capacity by upregulating antioxidant system, eventually leading to the unique oxidative stress of tumor cells.[@CIT0042],[@CIT0043] This special microenvironment drives the proliferation of tumor cells to a certain extent. Once exceeding this threshold, the excessive ROS generated by ROS inducers or antioxidant system antagonists will manifest as cytotoxicity and lead to the apoptosis. However, normal cells are less sensitive to the oxidative stress-inducing agents due to their low ROS basal levels, which make the regulation of intracellular ROS signal as an effective selectively therapeutic strategy to tumor cells.

In this work, we delivered two ROS inducers, CA and TPGS, by the nanogels systems, which are a kind of nanosystems with three-dimensional network inside and synthesized by physical or chemical crosslinking of amphiphilic polymers, thus protecting CA from the oxidation before reaching the lesion,[@CIT0044],[@CIT0045] namely enhancing the stability of CA in blood circulation and ultimately improve its bioavailability. Therefore, we linked the aldehyde groups of CA with the carboxyl groups of IA via the acidic-sensitive hydrazone bond, which has been known to be rapidly degraded specifically in acidic tumor environments, such as lysosomes and endosomes.[@CIT0046] Then, IA~2hyd~CA and TPGS were incorporated in the internal network of P~ss~NCT nanogels via the crosslinking of BAC, which contains the reducing-sensitive disulfide bond in the structure. Disulfide bond can achieve responsive breakage due to the overexpression of intracellular reductive substances and enzymes (such as glutathione, superoxide dismutase, and catalase) in tumor cells.[@CIT0047] Therefore, P~ss~NCT nanogels could responsively degrade in acidic and strong reductive environment of tumors. The in vitro stability and release studies all demonstrated that the degradation of P~ss~NCT nanogels and the release of CA could be accelerated under double stimulations (acidity and reducibility), which was attributed to the responsive cleavage of nanogels induced by the breakage of the hydrazone and disulfide bonds ([Figure 4C](#F0004){ref-type="fig"}). Moreover, the rapid release of TPGS was mostly caused by the cleavage of the disulfide bond in the reductive surroundings ([Figure 4D](#F0004){ref-type="fig"}). In the serum-containing media, the fluctuation of particle sizes and PDI was caused by the adsorption--desorption process. However, the particle sizes and PDI no longer changed when the adsorption process reached equilibrium, indicating that the nanogels could keep stable in blood circulation, thereby prolonging their circulation and enhancing the accumulation of nanogels to tumor sites through EPR effect.

The special oxidative stress state leads to the higher intracellular ROS basal levels in tumor cells and makes them more sensitive to ROS inducers than normal cells, finally leading to the apoptosis and necrosis of tumor cells, which could be illustrated by [Figures 5](#F0005){ref-type="fig"} and [6](#F0006){ref-type="fig"}. In our previous studies and other studies, MCF-7 cells have been used as the typical oxidative stress cell model to verify the apoptosis of tumor cells caused by the changes of ROS levels.[@CIT0010],[@CIT0026],[@CIT0048]--[@CIT0050] In the cytotoxicity test ([Figure 5](#F0005){ref-type="fig"}), free CA, P~ss~NT and P~ss~NCT all exerted cytotoxicity on MCF-7 cells in varying degrees, but barely affect L929 cells. Specifically, MCF-7 cells treated with P~ss~NCT showed the strongest cytotoxicity, then followed the P~ss~NT, and the least cytotoxicity was caused by free CA, which correlated well with the results of intracellular ROS detection. From [Figure 6](#F0006){ref-type="fig"}, the mean fluorescence intensity values (MFI) of DCF were less than 20 in L929 cells, but more than 30 in MCF-7 cells. After incubated by different preparations, continuous elevation of ROS signal appeared in MCF-7 cells, and leading to significant cytotoxicity. However, gentle increase of ROS signal appeared in L929 cells, and almost generated no cytotoxicity. Moreover, due to the combined application of CA and TPGS, P~ss~NCT nanogels exhibited the strongest ROS inducing ability, which was correlated well with the synergistic function of CA and TPGS in elevating ROS level. Furthermore, ROS elevating efficiency of CA was also dramatically enhanced by inhibiting oxidation once connected to the structure of P~ss~NCT nanogels compared with free CA and nanogels without CA (P~ss~NT). In addition, the ROS signal increase was proportional to the dosage and time, thus facilitating the effective dose monitoring in future clinical applications.

The electron leakage of the mitochondrial electron transport chain is one of the main sources of ROS, which are usually generated from the mitochondrial dysfunction.[@CIT0051],[@CIT0052] Mitochondrial MP is essential to maintain the normal mitochondrial function, whose decrease leads to the defects to the insufficient synthesis of adenosine triphosphate (ATP).[@CIT0053] ATP is produced in the mitochondrial inner membrane during the biological oxidation process. When the mitochondrial electron transport chain is damaged, a large number of electrons will leak and form ROS, which affects the oxidative phosphorylation process, leads to the decrease of mitochondrial MP and the change of mitochondrial membrane permeability, finally resulting in the obstruction of ATP synthesis.[@CIT0054] The test of correlation between ROS level and mitochondrial MP revealed that the significant increase of ROS signal can lead to the mitochondrial dysfunction, manifesting as the decreased MP and ATP synthesis disorder ([Figure 7](#F0007){ref-type="fig"}). Moreover, the combination of CA and TPGS significantly reduced the MP and ATP content in tumor cells, which is superior to free CA or TPGS alone.

Furthermore, the destruction of mitochondrial MP and ATP synthesis disorder induced by the continuous accumulation of ROS signal further activates the opening of the mitochondrial permeability transition pore (MPTP), thus promoting the release of cytochrome C (Cyt C). Through forming a multimer with apoptosis protease activating factor 1, CytC continues to activate Caspase-9, which in turn activates Caspase-3.[@CIT0055] Once activated, Caspase-3 destroys the structure and function of downstream proteins, ultimately leading to apoptosis.[@CIT0056] In the process of apoptosis, the ratio of Bax to Bcl-2 is an important parameter to reflect the apoptotic trend, which is mainly because that Bcl-2 inhibits apoptosis through inhibiting the open of MPTP, but the heterodimer formed by Bax and Bcl-2 prevents the anti-apoptotic effect of Bcl-2. Therefore, changes in contents of these two proteins have significant effects on the mitochondrial apoptotic pathway.[@CIT0057],[@CIT0058] The investigation of different preparations on the mitochondrial apoptosis pathway by monitoring the expression of Caspase-3, Bcl-2 and Bax proteins showed that under the same condition of CA content, P~ss~NCT nanogels significantly up-regulated the expression of Bax, but down-regulated the expression of Bcl-2 and Caspase-3 compared with free CA and P~ss~NT nanogels, which suggested that both CA and TPGS can induce intrinsic apoptosis pathway by affecting ROS levels in mitochondria ([Figure 8](#F0008){ref-type="fig"}).

Conclusion {#S0005}
==========

To sum up, we prepared a novel pH/reducing dual-responsive nanogels, P~ss~NCT, which could rapidly degrade to release CA and TPGS in the acidic and reductive environments of tumor cells via the responsive cleavage of hydrazone and disulfide bonds, thus preventing the oxidation of CA induced by the advance release in the circulation. The combination of CA and TPGS could greatly elevate the ROS levels, thus inducing the apoptosis of tumor cells, which was achieved through the intrinsic apoptosis pathway. We anticipate that the combination of multiple inducers to amplify ROS signals could effectively improve the treatment of tumors through the application of the P~ss~NCT nanogels.

This work was supported financially by the National Natural Science Foundation of China (No. 81803491), the China Postdoctoral Science Foundation (No. 2018M633584), the Natural Science Foundation of Shaanxi Province (No. 2019JQ-320), the Postdoctoral Science Foundation of Shaanxi Province (No. 2018BSHQYXMZZ43) and the Fundamental Research Funds for the Central Universities (No. 3102019smxy002).

Disclosure {#S0006}
==========

The authors report no conflicts of interest in this work.

[^1]: These authors contributed equally to this work
